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Abstract 

Development of the Liquid Droplet Radiator 
( LDR) Is described. Significant published 
results of previous investigators are presented, 
and work currently in progress Is discussed. 
Several proposed LDR configurations are described, 
and the rectangular and triangular configurations 
currently of most Interest are examined. Develop- 
ment of the droplet generator, collector, and 
auxiliary components are discussed. Radiative 
performance of a droplet sheet Is considered, and 
experimental results are seen to be in very good 
agreement with analytical predictions. The col- 
lision of droplets in the droplet sheet, the 
charging of droplets by the space plasma, and the 
effect of atmospheric drag on the droplet sheet 
are shown to be of little consequence, or can be 
minimized by proper design. The LDR Is seen to 
be less susceptible than conventional technology 
to the effects of micrometeoroids or hostile 
threats. The identification of working fluids 
which are stable In the orbital environments of 
interest Is also described. Methods for reducing 
spacecraft contamination from an LDR to an accept- 
able level are discussed. Preliminary results of 
microgravity testing of the droplet generator are 
presented. Possible future NASA and Air Force 
missions enhanced or enabled by an LDR are also 
discussed. System studies Indicate that the LDR 
Is potentially less massive than heat pipe radia- 
tors. Planned microgravity testing aboard the 
Shuttle or Space Station Is seen to be a logical 
next step in LDR development. 

Introductio n 

Future space missions currently being consid- 
ered by NASA and the Air Force will require power 
levels far in excess of Space Shuttle or IOC Space 
Station usage. The development of power systems 
capable of supplying megawatts or even gigawatts 
of power has revealed a need for advanced space 
radiators which can reject the attendant waste 
heat. Heat pipe radiators, which represent the 
best of current technology, typically have a 
specific mass around 5 kg/m 2 . Design refine- 
ments and advanced composites may eventually 
reduce this figure to 2 kg/m 2 J The develop- 
ment of long life advanced radiators will be an 
enabling technology for realization of multimega- 
watt space missions. Such radiators will be 
significantly less massive than heat pipe or fin 
radiator technology in current use. 

Several advanced radiator concepts expose the 
radiating medium directly to the space environ- 
ment, thus eliminating the mass of piping charac- 
teristic of heat pipe radiators. These concepts 
Include moving belt concepts, 2 dust radiators, 3 
and the Liquid Droplet Radiator (LDR). The LDR 
concept Is shown schematically In Fig. 1. A 
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working fluid Is heated through a heat exchanger, 
and Is then formed Into billions (or trillions) 
of liquid droplets by a droplet generator. The 
droplets are focused by the droplet generator to 
a collector, and travel In space, cooling by radi- 
ative exchange with the space environment. The 
droplet collector captures the droplets, and the 
working fluid Is recycled through the heat 
exchanger to the droplet generator. The LDR con- 
cept was first suggested In 1978 4 as an Intrin- 
sic Improvement on the dust particle radiator. 3 
This paper reviews the development to date of the 
LDR concept. Development has been funded by 
AFRPL, NASA (Lewis, Langley, and Marshall), AFOSR, 
DOE, and by IRAD funding at Grumman Aerospace, 
Spectra Tech., Inc. (STI), and McDonnell Douglas 
Astronautics Company (MDAC) . 

Numerous advantages of the LDR concept, as 
compared to existing technology, have been sug- 
gested. For most applications Investigated, the 
LDR has a lower specific mass than existing tech- 
nology. The LDR Is more readily deployed than 
existing radiators, as Indicated In Fig. 2. 1 A 
possible deployment sequence for a rectangular 
LDR (different LDR configurations are described 
In the next section) is shown. Deployment of a 
triangular LDR (i.e., one with a focused droplet 
sheet converging at the collector (Fig. 3)) would 
likely occur by a similar procedure. Addition- 
ally, the LDR offers promise of compact stowage 
In the Shuttle bay. The active radiating area of 
an LDR Is the surface area of trillions of sub- 
millimeter droplets; these droplets collectively 
have a small volume when condensed into a compact 
liquid mass. Thus, the LDR is compactly stowed 
as a result of the high surface area to volume 
ratio of a submllllmeter sphere. 

The LDR Is relatively immune to damage from 
micrometeoroids, since only the generator, collec- 
tor, and any connecting piping need be armored. 

For similar reasons, the LDR Is relatively immune 
to hostile threats from laser, particle beam or 
kinetic energy weapons. The merits of the 
LDR are discussed In depth In manv papers, espe- 
cially In the earlier 1 Iterature. ** ' 

This paper discusses the progress achieved to 
date In the development of the LDR. A number of 
alternative LDR geometries have been proposed, 
and these are briefly described and reviewed. Of 
these options, rectangular and triangular LDR 1 s 
appear most promising, and are discussed In more 
detail. The design, testing, and further develop- 
ment of a droplet generator and collector for the 
rectangular and triangular LDR 1 s are reviewed. 
Droplet formation constraints and the limitations 
of current orifice fabrication technology are 
discussed, and are shown to be an Integral part 
of generator design. A conceptual design of a 
focused droplet generator Is presented. This 
general design Is modular In nature, and can be 
adapted to ensure reliable operation, even after 
numerous micrometeoroid encounters. A linear 
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collector for the rectangular LDR has been 
designed, fabricated, and tested at Grumman. 
Sucessful droplet collection was demonstrated for 
Incident droplet velocities below 6 m/s. Details 
of the testing, Including simulated zero gravity 
verification, are summarized. A centrifugal col- 
lector for a triangular LDR Is briefly described. 

The behavior and sizing of the droplet sheet 
has a tremendous Influence on component design. 
Analyses of the radiative behavior of the droplet 
sheet are summarized, and theoretical predictions 
are compared with experimental measurements. 
Colliding droplets In the droplet sheet have been 
Investigated, and experimental and analytical 
results are presented. 

Droplet charging and atmospheric drag affect 
the droplet sheet, and the findings of analytical 
assessments of these two Issues are presented. 

The behavior of a droplet sheet exposed to a 
micrometeoroid shower or to hostile threats Is 
briefly discussed. Identification of a suitable 
droplet fluid Is considered. Stability of the 
working fluid to atomic oxygen and uV radiation 
Is discussed, and preliminary experimental find- 
ings are summarized. 

Two other development Issues are considered. 
Proper LDR design must reduce potential spacecraft 
contamination to an acceptable level. A number 
of approaches to achieving this are presented. 
Enclosing the droplet sheet with a material trans- 
parent to IR Is discussed as a promising solution. 
Secondly, microgravity testing of the LDR Is dis- 
cussed, and preliminary results of microgravity 
testing of the droplet generator are presented. 

The design of the LDR system Is briefly dis- 
cussed as a basis for estimating LDR specific 
power. Potential missions enhanced or enable by 
LDR technology are briefly reviewed, and the LDR 
Is compared with heat pipe technology. Finally, 
conclusions and future plans are presented. 

Alternative Configurations 

A number of different LDR geometries have 
been proposed and evaluated. The spiral LDR 5 
employs a generator and collector which rotate at 
the same angular velocity. Droplets ejected from 
the generator traverse a spiral trajectory, and 
are then collected. A related concept, the 
enclosed disc LDR, 5 also contains a droplet 
generator at the center of a disc of radiating 
droplets. In the enclosed disc LDR, only the 
collector rotates. The droplet sheet Is a thin 
disc of droplets, with a disc radius equal to the 
distance between droplet generator and collector. 
The entire radiator Is enclosed by a transparent 
shroud, which minimizes spacecraft contamination 
resulting from any errant droplets. A third var- 
iation, the annular LDR, 5 utilizes a rotating 
collector to capture an annular sheet of droplets 
from an annular generator. At least two detailed 
evaluations of the spiral, disc, and annular LDR 
configurations have been conducted. 5 * 5 The 
relative merits of these three concepts, as well 
as other concepts discussed below, were consid- 
ered. The annular LDR was disregarded because of 
Inefficient radiative performance - the sheet 
radiates to Itself more than the droplet sheets 
of alternate configurations. The disc and spiral 
LDR geometries were also eliminated. A consensus 


opinion was that these concepts were more complex, 
due to unnecessary rotation of the collector. 

Other factors were considered In eliminating these 
concepts; these are discussed elsewhere. 5 * 6 

Several proposed variations of the LDR utilize 
electric fields to control droplet trajectories. 
Use of an electric field for such a purpose has 
had commercial success In the Ink Jet Printer 
market, where droplet charging and subsequent 
electrostatic deflection Is routine. The electro- 
static thermal radiator (ETHER) 9 Is essentially 
a proposed variation of the LDR. The droplets 
are formed by conventional means, and are subse- 
quently charged. As a result of an applied charge 
on the spacecraft that Is opposlte'the droplet 
charge, the droplets will execute a slightly 
elliptical orbit. This closed trajectory would 
allow a droplet generator and collector to be 
closely located on a spacecraft, thereby elimi- 
nating structural and piping mass. The proposed 
ETHER concept has not been further Investigated, 
due to concerns about droplet-plasma Interactions. 
Applying and maintaining a steady charge on a 
spacecraft In low earth orbit Is also a signifi- 
cant technological barrier, since the spacecraft 
will acquire Its own potential. 

The utilization of magnetic fields to control 
droplet trajectories has also been Investi- 
gated.^ 0 *^ 1 This option Is discussed as an 
alternate collector concept later In this paper. 

Rectangular and triangular versions of the 
LDR have been Investigated most extensively. The 
rectangular LDR, shown In Fig. 2, employs a linear 
collector which Is as wide as the droplet genera- 
tor. The collector can be two sided, as shown In 
Fig. 2, where two droplet sheets traveling In 
opposite directions Impact a single collector. 

An alternate variation would utilize a one sided 
collector, with only one generator and droplet 
sheet. In a rectangular LDR, there Is no focus- 
ing of the droplet sheet, and the droplet number 
density remains constant along the flight path. 
Several collector concepts for a rectangular LDR 
have been proposed. One of these has been Inves- 
tigated experimentally and analytically at 
Grumman. 1 *' 2 The triangular LDR concept, shown 
In Fig. 3, employs a droplet generator to form a 
converging array (sheet) of droplets. The col- 
lector, located at the convergence point of the 
droplet sheet, employs a centrifugal force to 
capture the droplets. 

The relative merits of the rectangular and 
triangular configurations have been considered In 
detail by researchers at the University of Wash- 
ington (UW), Mathematical Sciences Northwest 
( MSNW, now known as STI), Grumman, McDonnell 
Douglas, NASA Lewis, and the Air Force Rocket 
Propulsion Laboratory ( AFRPL) . The triangular 
LDR Is Inherently less massive, because of the 
smaller collector possible with a focused sheet. 
Recent system studies have indicated that a tri- 
angular LDR can be 40 percent less massive than a 
rectangular LDR. Nevertheless, there are com- 
pelling reasons which argue for a consideration 
of a rectangular LDR. The droplet generator Is 
less complex for a linear collector, since It Is 
not required to generate a focused droplet sheet. 
For any sheet width and length, a rectangular 
sheet has twice the area of a triangular sheet, 
and therefore a rectangular LDR can reject more 
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heat. Additionally, it was originally recognized 
that a centrifugal collector might be more com- 
plex than a linear collector, as the rotating 
collector might require rotating fluid couplings. 
That is, complex rotating seals which would oper- 
ate in a zero gravity environment were thought to 
be required. However, the use of pitot tube pick- 
ups to eliminate such rotating seals has been 
successfully demonstrated, and is discussed later. 

For the reasons discussed above, it was 
observed that the rectangular and triangular 
options both had considerable merit. A parallel 
development effort of the centrifugal and linear 
collectors thus ensued. A number of critical 
Issues in the development of the triangular LDR 
have been partially or totally resolved. For 
example, a feasible conceptual design of a focused 
droplet generator has been suggested. Similarly, 
the use of pitot pickups eliminates the need for 
complex rotating seals. Thirdly, collisions in a 
focused droplet sheet result in coalescence of 
the impacting droplets. These Issues are dis- 
cussed later in more detail. Since these feasi- 
bility issues are apparently resolvable, the 
triangular LDR is now being developed more exten- 
sively. Although development of the linear col- 
lector is not being funded at present, it has not 
been eliminated from further consideration. 
Unforeseen barriers to the successful demonstra- 
tion of a triangular LDR may lead to a renewed 
Interest In the linear collector at some future 
date. 


Droplet Generator Development 


Many stringent requirements are placed on the 
design and operation of the droplet generator. 

The generator must create a well-defined three- 
dimensional array of droplets. A point design of 
an LDR (rejecting 6.3 MW) computed droplet sheet 
mass, component masses, structural mass, and the 
mass of pipe and pumps. 5 For this example, the 
droplet generator represented 15 to 20 percent of 
the total radiator mass, depending on the droplet 
radius assumed. Minimizing droplet generator 
mass will thus have a significant Impact on total 
radiator mass. Similarly, point designs for 
typical LDR missions have Indicated that between 
10 5 and 10 7 droplet streams are typically 
required. For a megawatt radiator, each stream 
might contain 10 5 droplets. Requirements on 
droplet velocity are still being investigated, 
but a range of 3 to 30 m/s for each of the 10*0 
to 1012 droplets appears reasonable. Similarly, 
50 to 500 *im diameter droplets are required. 


Droplet aiming requirements for an LDR drop- 
let generator have been systematically investi- 
gated. 5 ' 6 Although generating precisely aimed 
droplet streams is a generator requirement, col- 
lector mass is appreciably altered. Preliminary 
LDR system mass studies indicate that collector 
mass begins to become a significant fraction of 
total LDR mass only when the aiming accuracy 
approaches 10 mrad. 8 Thus, Improving the aiming 
accuracy from 10 mrad to perhaps 2 mrad does not 
significantly Improve total LDR mass, although 
collector mass is reduced substantially. The 
critical requirement on generator aiming Is that 
no droplet stream miss the collector. With 10 5 
droplet streams, misdirection of one stream yields 
a mass loss in two weeks approximately equal to 
the mass of the entire droplet sheet. 5 


The major Impact of generator aiming may be 
on the radiative performance of the droplet sheet. 
Although this effect has not been quantified, 
better aiming accuracy obviously will reduce the 
number of droplet collisions within the sheet. 

The collision and coalescence of two droplets 
reduces their combined area by 21 percent. There- 
fore, a large number of droplet collisions will 
reduce the radiative effectiveness of the droplet 
sheet. Hence, the aiming requirement of the drop- 
let generator should be as stringent as current 
fabrication technology will allow. 

A number of techniques have been considered 
as candidate methods for forming trillions of 
droplets of uniform velocity and diameter. Of 
these, breakup of a liquid jet by application of 
an Imposed periodic disturbance is most satisfac- 
tory. Rayleigh breakup of a liquid jet has been 
employed to produce up to 250 000 droplets per 
second from a single orifice. 13 All continuous 
Ink Jet Printers work on this concept, and details 
of jet breakup into uniform droplets have been 
reported extensively in the literature. 1 4 In LDR 
development to date, droplet generation has been 
demons t rated experimentally by researchers at 
STI , 6 UW, 18 Grumman , 12 the University of Southern 
California (USC), 16 and NASA Lewis. 17 Most work 
has been with low vapor pressure oils. Droplet 
formation using mercury was investigated very 
briefly at UW, ' 8 to ascertain the effects of 
high surface tension (low Weber number). Drop- 
lets of mercury were generated, but no signifi- 
cant conclusions could be drawn. 

Droplet formation has been investigated exten- 
sively at NASA Lewis, both experimentally 1 7 and 
analytically. 18 ' 19 Droplets ranging from 60 to 
1000 diameter have been generated from single 
and multiple hole orifices of 33 to 200 ym diam- 
eter. Uniform droplet formation occurs over a 
wide range of stimulation frequencies. The gener- 
ator operating regime in which uniform droplet 
formation occurs is a function of frequency, drop- 
let velocity, and fluid properties such as vis- 
cosity and surface tension.* 7 Orifice geometry 
has little or no effect on droplet formation. 

The formation regions observed at NASA Lewis agree 
qualitatively with numerous other investigations, 
although slightly wider operating regions were 
observed at NASA Lewis than elsewhere. This Is 
apparently due to square wave pulsing (rather 
than the more common sinusoidal) of the piezo- 
electric stimulator. This is currently being 
investigated at NASA Lewis. The droplet formation 
regions are being defined in terms of appropriate 
dimensionsless groups, so as to be applicable to 
any LDR fluid of Interest. 

The coupling of Imposed periodic waveforms 
with the resulting capillary instabilities 
observed prior to jet breakup has been investi- 
gated in detail. 18 The Imposed periodic waveform 
Is generally a sinusoidal voltage signal which Is 
used as Input to a piezoelectric transducer. The 
output of the transducer Is a dynamic pressure 
variation, which generates capillary Instabili- 
ties on the liquid jet. The regions of convec- 
tive and absolute instability of a liquid jet have 
also been Investigated analytically for Invlscld 18 
and viscous fluids. 19 A comparison of experi- 
mental and analytical results is In progress. 
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Droplet stream stability over flight paths of 
tens or hundreds of meters Is of great concern In 
the LDR development program. In order to prevent 
Intra-stream droplet collisions, the variance in 
individual droplet velocities must be small. 
Researchers at USC have experimentally Investi- 
gated intra-stream velocity dispersion, which Is 
the ratio of variance In velocity to the average 
droplet velocity. The experimental apparatus Is 
described In detail elsewhere. 16 When a conven- 
tional sinusoidal disturbance Is applied to the 
piezo, velocity dispersion 20 Is around 10 -5 . 

A significant finding has been In the application 
of an amplitude modulated sinusoidal waveform to 
the piezoelectric transducer. The basic carrier 
waveform was a sinusoidal carrier wave with a 
frequency between two and eight times the 
frequency of the modulation sinusoid. If this 
ratio Is denoted as N (N = 2,3, ...8), velocity 
dispersion was observed to decrease as N Is 
Increased. 14 * 16 Further research (unpublished) 
revealed a functional dependence of 1/N between 
velocity dispersion and N. 

An order of magnitude reduction In velocity 
dispersion may have a significant Impact on the 
behavior of the droplet sheet. This can be seen 
In Fig. 4, which Is discussed in more detail else- 
where. 21 Figure 4 shows the distance that a 
droplet stream can travel before significant 
merging has occurred. For a typical LDR flight 
path of 100 m, velocity dispersions below 10~ 6 
are required. Dispersions of 5xl0 -7 In a single 
stream have been demonstrated. 16 Thus, using a 
properly designed droplet generator, droplet 
streams could travel 100 m In an LDR without sig- 
nificant merging from Intra-stream collisions. 

Several point designs of an LDR droplet gen- 
erator have Indicated that the mass of fluid In 
the generator Is a dominant percentage of the 
generator mass. 5 * 22 Current research Is devoted 
to minimizing the size and mass of the genera- 
tor, 23 and thus of the makeup working fluid 
within the generator. Previous droplet formation 
studies at NASA Lewis 17 and USC 16 have utilized 
an acoustic cavity upstream of the orifices. A 
piezoelectric transducer Is either Immersed In the 
cavity, or separated from the cavity by a dia- 
phragm, and a pressure waveform Is thereby applied 
to the jets Issuing from the cavity. Cavity 
acoustics Indicate that the cavity must be at 
least half a wavelength long, where the wavelength 
In question corresponds to the desired excitation 
frequency. For conditions of Interest to the 
LDR, a cavity dimension of 14 cm Is Indicated. 

This Is undesirable for a low mass generator. An 
alternate approach is to mount the piezo on the 
downstream side of the orifice plate, thereby 
eliminating the need for an acoustic cavity. 
Preliminary results Indicate that velocity dis- 
persions In such a design are comparable to those 
observed earlier. 23 Measurement of velocity 
dispersion In a 100-orifice array of jets Issuing 
from such a generator is currently In progress. 

The fabrication of thousands of high quality 
micro-orifices was identified early as a critical 
technology Issue. At least nine fundamentally 
different orifice fabrication methods have been 
Identified: laser drilling, electrodischarge 

machining (EDM), electrochemical milling ( ECM) , 
mechanical drilling, mechanical broaching 
(punching), electron beam machining ( EBM) , 


electroforming (chemical milling), ion drilling, 
and the drawing (pulling) of soluble core glass 
fibers. The first four of these methods were 
evaluated as candidate technologies. 5 * 15 * 17 
Based on this evaluation, NASA Lewis decided to 
develop mechanical drilling In-house. It was 
later discovered that electroforming Is utilized 
by several Ink Jet Printer manufacturers to fab- 
ricate orifice plates with trajectory accuracies 
comparable to or better than those possible with 
mechanical drilling. However, due to a low aspect 
ratio limitation of chemical milling, it was real- 
ized that generator design would be complicated 
If the electroforming technology were relied upon. 

In-house development of mechanical drilling 
at NASA Lewis was initially focused on choosing 
the optimum orifice geometry. Ease of machining, 
the desire for high discharge coefficients, and 
several other factors were considered. 17 The 
geometries Investigated are shown In Fig. 5. The 
chamfered geometry (minus the protruding Up) of 
Fig. 5 was chosen for further development. Fab- 
rication of such a profile Is a two step process. 

A conical entry Is first machined. The second 
step Involves drilling the final orifice diameter. 
The orifice length to diameter ratio Is variable, 
but Is typically between one and two. Two criti- 
cal Issues arise In this machining process. One 
Involves the removal of burrs from the orifice 
after the final drilling operation. This issue 
has been largely resolved. The second critical 
problem in mechanical drilling Is the proper 
alignment of the drill In the conical Inlet. 
Radical improvements have been made since 1983, 
and this Issue has also apparently been resolved. 

A one step process to fabricate the geometries 
described above has also been considered. It 
appears to actually be more complex than the two 
step process described above. The details are 
arcane In nature, and will not be discussed here. 

Determination of aiming accuracy of fabricated 
orifice arrays has not received enough attention 
to date. Before the orifice fabrication process 
can be realistically evaluated, two complicating 
factors must be accounted for. First, deflection 
of the orifice plate, due to a pressure difference 
across It, must be minimized and corrected for. 
This Is relatively straightforward. The presence 
of a film on the downstream surface of the orifice 
plate adversely affects the jet trajectory. Exam- 
ination of a single jet has revealed that the jet 
deviates from Its Intended trajectory when a 
liquid film Is present at the orifice exit. The 
deviation Is less pronounced as jet velocity 
Increases. Compensating for this effect has 
proven difficult to date, since the effect Is 
Immensely complicated with an array of closely 
spaced orifices. An engineering estimate of the 
trajectory accuracy of the best orifice arrays 
produced by mechanical drilling Is 3 mrad. Proper 
measurement and evaluation of orifice array per- 
formance Is an area of considerable Importance to 
continued LDR development. Therefore, techniques 
for more accurately measuring jet straightness 
are currently being investigated at NASA Lewis. 

The development of mechanical drilling at 
NASA Lewis has become a reasonably mature tech- 
nology. Nevertheless, It Is worthwhile to recon- 
sider the relative merits of the various methods 
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of orifice fabrication. Considerable Improvements 
In EDM have occurred since 1983, spurred on by 
the requirements of several Ink Jet Printer manu- 
facturers. A second evaluation of the most suit- 
able technology Is now In progress. 

With the fabrication limitations and restric- 
tions on droplet generation known, a realistic 
design of a droplet generator can be considered. 

It Is apparent that some degree of segmenting, or 
modularization, will be required. For a genera- 
tor with IQ 5 orifices, fabrication of the ori- 
fices alone would require 2 yr of continuous 
mechanical drilling, given present technology. 
Other competing fabrication methods, notably 
electroforming, may be more rapid, but this has 
not been Investigated. Modularization will elim- 
inate the possibility of a single point failure. 

It will also allow for more rapid production of 
10 5 orifices, If parallel production stations 
are utilized. The unknown, at present. Is the 
degree of segmentation to be employed. This Issue 
Is being actively Investigated. 

A generator concept which considers the limits 
of current fabrication technology is shown In 
Fig. 6. This Is Ideal for a triangular LDR; for 
a rectangular LDR, the arc would be pulled 
straight. The optimum ratio of sheet length to 
sheet width depends on numerous factors, and Is 
discussed later In this paper. The arc Is actu- 
ally composed of Individual generator modules. 

The fluid manifold connecting each module is 
designed such that each Is at the same pressure. 5 
A valve will be located In each module to remove 
the module from operation In the event of module 
failure. This will eliminate one single point 
failure mode of the droplet generator. Each 
module contains an array of orifices fabricated 
In a flat substrate. Each array can be two- 
dimensional. The array would typically contain 
between 12 and 30 rows of orifices. The number 
of rows In an array Is equal to the number of 
layers In the droplet sheet; the number of layers 
Is mission dependent, and has not been totally 
resolved. The number of orifices In each row Is 
dependent on the orifice fabrication limitations. 
For example. If 5000 orifices can be routinely 
fabricated In an array, there would be 160 to 420 
orifices In each row. If the orifice fabrication 
process Is more suited to producing linear arrays, 
then each module would have between 12 and 30 
different orifice plates, each containing perhaps 
200 to 1000 orifices. 

The design of Fig. 6 Is very general In 
nature; specific details of the design are 
strongly dependent on heat rejection load and 
temperature. The mass of the generator Is Influ- 
enced by the configuration of the pulsing device. 
If a resonant cavity configuration can be avoided, 
the generator will be less massive. Direct stim- 
ulation of the Individual orifice arrays Is a 
focus of current research at DSC. 23 Another con- 
cern In the design of a generator Is the Influence 
of orifice plate wetting (In orbit) on the jet 
trajectories. This Is being evaluated at present 
In the NASA Lewis Zero Gravity Facility, and Is 
described later. 

If wetting does prove to adversely affect gen- 
erator performance, there are several approaches 
that can be taken. Nonwetting coatings could be 
applied to the exit side of the orifice array 


prior to orifice fabrication. This was investlga- 
ted briefly at NASA Lewis. 17 TEFLON and FREK0TE 
coatings were successfully applied to aluminum 
plates prior to drilling the orifices. High qual- 
ity orifices could not successfully be fabricated 
In these coated plates. Application of a nonwet- 
ting coating after orifice fabrication does not 
appear viable, as the coating tends to plug the 
micro-orifices. Another approach is to control 
the potentially adverse effects of wetting 
through a specially designed shear sealing valve. 
This design would utilize an optically smooth 
(maybe 0.0001 rms surface finish) cover plate 
over the orifice plate. At generator startup or 
shutdown, the cover plate, controlled by a sole- 
noid valve, would move into the appropriate posi- 
tion. Grumman Aerospace has applied for a patent 
for this concept. 

For a liquid metal droplet generator, the 
design of Fig. 6 might require modification. 
Available piezoelectric or magnetostrlctl ve 
materials do not possess Curie points compatible 
with liquid metal operation. Active cooling of 
the piezo elements will likely be satisfactory 
for the lower temperature range of liquid metal 
operation. For higher temperatures, the feasi- 
bility of active cooling Is unknown. Alternate 
approaches proposed by Grumman and MDAC may be 
further Investigated; these concepts are propri- 
etary at present. 

For a focused droplet sheet of a triangular 
LDR, the design of Fig. 6 considers the limita- 
tions of current orifice fabrication technology. 
Orifices are fabricated In flat surfaces, and the 
jets from an Individual module are all parallel. 
The opening of the droplet collector Is thus 
approximately the same width as that of an indi- 
vidual generator module. Focusing of the droplet 
sheet Is achieved by a proper orientation of the 
generator modules. An alternate approach, in 
which generator focusing Is achieved by mounting 
a flexible orifice substrate on a curved mani- 
fold, 5 appears to be much more susceptible to 
micrometeoroid damage, as a result of the much 
thinner orifice substrate which would be required. 

A recently proposed alternative advanced con- 
cept, the Liquid Sheet Radiator (LSR), would 
greatly simplify design of the droplet genera- 
tor. 24 The LSR concept Is closely related to 
the LDR concept, and would replace the trillions 
of droplets with continuous triangular liquid 
sheets. Generator focusing to a point collector 
Is thus achieved automatically In the LSR concept, 
and thousands (or millions) of orifices are no 
longer required. Preliminary analytical and 
experimental results have demonstrated the feasi- 
bility of the LSR concept, 24 but further research 
Is required. 

Droplet Collector Development 

Design and development of an LDR droplet col- 
lector has been complicated by the lack of sim- 
ilar commercially available technology. Droplet 
collectors (gutters) for Ink Jet Printers gener- 
ally rely on electric fields. A similar approach 
for an LDR Is very complex, due to the nature of 
the space plasma and solar wind. A droplet col- 
lector for the LDR must collect essentially all 
Incoming droplets. To achieve an acceptable mass 
loss over a 30 yr lifetime, acceptable collector 
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loss rates are of the order of 1 lost droplet per 
10 8 Incident droplets. After capturing the 
droplets, the collector must develop a sufficient 
pressure head to pump the liquid back to a heat 
exchanger. This must be accomplished In zero 
gravity, without the benefits of a gravity head 
or an ambient gas pressure. 

A number of collector alternatives were con- 
ceived by Investigators at the University of 
Washington. These are described In more detail 
elsewhere. 5 Briefly, the concepts are: 

(1) Centrifugal collector (four different 
concepts) 

(2) Surface entrainment collector 

(3) Passive collector with a diffuser-shaped 
Inlet 

(4) Moving belt collector 

(5) Electrostatic collector 

(6) Rotating spiral collector 

(7) Surface tension collector 

The first two concepts have been Investigated 
most extensively, and are described In detail 
later. The remaining five concepts are generally 
regarded as less promising , 5 » 8 » 1 2 an( j have no t 
been pursued In detal 1 . 

Other concepts have also been considered. 
McDonnell Douglas briefly Investigated a collector 
based on electrophoretic and dlelectrophoretlc 
forces. 8 » 25 Such a concept, as well as the elec- 
trostatic collector 5 and the electrostatic ther- 
mal radiator (ETHER), 9 have not been considered 
further, due to concerns about charging and dis- 
charging of droplets In the space environment. 

Use of magnetic fields to capture droplets 
and control droplet trajectories was Investigated 
experimentally and analytically. 10 * 11 A cobalt- 
samarium magnet was used to magnetize a ferro- 
fluid, and control of droplet trajectories was 
demonstrated. The Influence of magnetic field 
strengths up to 3 kG (0.3 T) on droplet capture 
was also examined. At sufficiently high field 
strengths, droplet splashing at a simulated col- 
lector surface was totally suppressed. This Is 
demonstrated In a series of fascinating and con- 
clusive photographs. 10 * 11 A full-scale magnetic 
LDR using superconducting electromagnets was con- 
ceived, and system studies comparing a magnetic 
and a conventional LDR were carried out. Total 
radiator mass was heavier, In many cases, for a 
magnetic LDR, owing to massive electromagnets. 

For this reason, and because of additional 
development challenges, a magnetic LDR has not 
been Investigated further. 

The advantages of the rectangular LDR dis- 
cussed earlier necessitated development of a lin- 
ear collector with a width equal to that of the 
droplet generator. A passive collection scheme 
conceived at the University of Washington 5 was 
developed at Grumman, 1 * 12 and Is shown In Fig. 7. 
The collector has an opening slightly larger than 
the thickness of the Incident droplet sheet. An 
auxiliary film can be Injected on both surfaces of 
the collector. The Incident droplet streams 
Impact the flowing film, and the total liquid flow 
directly feeds a gear pump. The collector and Its 
associated pump are shown conceptually In Fig. 8. 


A sub-scale linear collector was fabricated 
and tested In vacuum under a variety of operating 
conditions. 12 The droplet sheet from a droplet 
generator Impacted a collector surface at angles 
from 2 to 90°. The generator and collector, In 
combination, could be oriented at different angles 
to the gravity vector; testing was always conduc- 
ted at two substantially different angles to 
assess any effects of gravity on collector opera- 
tion. Diagnostics allowed detection of droplet 
loss rates of 1 In 10 8 . A series of tests with 
both 4 and 30 droplet streams served to define 
collector operating regimes where measured loss 
rates were less than 1 droplet In 10 8 . These 
operating regions are given for a range of droplet 
velocities, for angles of Incidence (between drop- 
let streams and the collector surface) from 2 to 
90°. Acceptable collector performance was 
observed for all droplet velocities below 6 m/s. 

In some Instances, droplet streams traveling at 
20 m/s were successfully captured. 12 Since none 
of the test results were affected when the orien- 
tation of the apparatus with respect to the grav- 
ity vector was changed, It Is concluded that the 
linear collector will successfully capture drop- 
lets In microgravity. 

It was discovered that the primary loss mech- 
anism was not from rebounding droplets. Rather, 
secondary droplets smaller than the Incident drop- 
lets were lost as a result of wave shedding. The 
Impacting droplet streams formed a fluid film on 
the collector surface, and waves were observed on 
the surface of the film. Secondary droplets were 
released from the crests of these waves. 

Droplet streams Impacting the collector sur- 
face occasionally created a backflow on the sur- 
face. This phenomenon Is Illustrated In Fig. 7. 
The film created on the collector surface usually 
flowed In the desired direction, toward the col- 
lector gear pump. Sometimes, the film flowed 
away from the pump. An auxiliary film could be 
Injected on the collector surface, upstream of 
the droplet Impact zone, as shown In Fig. 7. 

When an auxiliary film was Injected, backflow on 
the collector surface was no longer observed. 

Proper operation of a collector pump In zero 
gravity Is a second critical Issue of collector 
development. Peristaltic, cystaltlc, trochoid, 
and gear pumps have been evaluated; a positive 
displacement gear pump appears best suited for 
this application. For the collector shown In 
Figs. 7 and 8, the liquid feeds directly Into the 
gears. In order to minimize viscous losses. A 
series of experiments was conducted to determine 
the Input pressure to the gear pump as a function 
of the pertinent quantities. A recovery coeffic- 
ient of 0.18 was obtained. 12 Analysis Indicates 
that an auxiliary film could Improve this low 
pressure recovery coefficient, and an auxiliary 
film might be required for proper operation of 
the gear pump. Collector operation with 900 Inci- 
dent droplet streams was demonstrated. When the 
gear pump was not powered, severe splashing was 
observed at the mouth of the pump; when electri- 
cal power was supplied to the pump, splashing was 
not observed. Because of limitations of the drop- 
let generator and the orifice plate, precise loss 
rates could not be measured diagnostically. 
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The lower mass Inherent In a centrifugal col- 
lector has prompted a parallel evaluation of this 
concept. Centrifugal collection In microgravity 
has previously been demonstrated for a waste col- 
lection system on Skylab. Of at least four 
different centrifugal collectors originally con- 
ceived, 5 the rotating shroud collector has been 
the only concept Investigated. The Incident drop- 
let streams Impact a cone shaped target of the 
collector (Fig. 9), and a liquid film migrates 
radially outward. Any droplets that rebound off 
the spinning cone are collected by that portion 
of the shroud extending In front of the target. 
This fluid migrates to the front of the collector 
by virtue of a slight taper of the shroud, and as 
a result of the centrifugal force. The liquid Is 
collected by means of stationary scoops which are 
Immersed In the rotating pool of liquid. These 
scoops are actually pitot pumps, and their opera- 
tion Is similar to the operation of a pitot probe 
used for local velocity measurement of a liquid 
or gas stream. 

An Initial evaluation of the concept was 
carried out by Investigators at the University of 
Washington and Mathematical Sciences Northwest 
( MSNW) . 5 A flat plate rotated between 0 and 
1650 rpm. The center of the flat plate was of a 
porous material, which allowed an auxiliary film 
to be Injected. This film flowed radially out- 
ward, aiding In droplet capture. A single drop- 
let stream was Incident on the rotating plate, 
and no splashing of the Incident droplets was 
observed visually. Detection of secondary drop- 
lets, such as Grumman observed In their testing 
of a linear collector, was not possible visually, 
and remains to be Investigated. An analysis of 
the film flow predicted the formation of surface 
waves In normal gravity operation. The experi- 
mental observations could not be compared with 
this analysis, since the film did not evenly wet 
the surface of the rotating plate. Similarly, 
Interactions of the Incident droplets with the 
surface waves could not be Investigated. The use 
of an array of small diameter tubes protruding 
toward the Incident droplet streams has been sug- 
gested as a method for eliminating surface waves, 
but this has not been demonstrated. 

A parallel effort has examined splashing from 
different surfaces. 5 Droplet streams Impacted 
on ordinary surfaces, on screens of varying mesh 
number, and on closely-spaced parallel wires. It 
was found that the use of a proper screen target 
can reduce splashing by a factor of 500 or more, 
compared to a flat plate. Velocities were between 
8 and 18 m/s, representative of velocities In an 
operational LDR . These findings are of obvious 
Importance In collector design. 

A more extensive evaluation of the centrifugal 
collector Is currently In progress at MDAC , Spec- 
tron Development Labs, and Spectra Technology. 

The pitot tube pickup has been evaluated as a 
suitable method for fluid recovery. At 300 rpm, 

~5 psl was developed by a pitot probe. This angu- 
lar velocity Is sufficient to develop a 20 g cen- 
trifugal force at the collector periphery. Thus, 
gravitational forces will be minimal, but opera- 
tion will nevertheless be demonstrated In a series 
of zero gravity tests. Collector operation will 
be demonstrated with an array of 450 droplet 
streams . 


Development of Auxiliary Components 

In addition to a droplet generator and col- 
lector, an LDR will consist of a structure sup- 
porting the collector, a pipe for fluid return 
from the collector to the generator, various 
pumps, a heat exchanger to reheat the working 
fluid, and glmballng devices to maintain proper 
LDR orientation with respect to the spacecraft, 
sun, and earth. 25 These auxiliary components 
have received little attention, due to an already 
established technology base In the aerospace 
Industry. The mass of such components has gener- 
ally been Included In LDR system mass calcula- 
tions. 5 » 5 »17»26 ii has been recognized that an 
active alignment and pointing system will be 
required to maintain the proper orientation 
between droplet generator and collector. A pre- 
liminary design 5 borrows from existing tech- 
nology, and will overcome small positional changes 
resulting when the LDR Is deployed In orbit. 
Refinements to this design have been made by MDAC, 
but are considered proprietary at present. 

The mass of the necessary structure and of 
the fluid return pipe can be quite significant, 
and the use of parallel LDR's has been proposed 4 
as a solution. It has been found that two LDR's 
configured as shown In Fig. 10 are often lighter 
than one, 7 * 22 since fluid return lines and Inter- 
connecting structure are eliminated. A fluid 
return line Is subject to a single point failure, 
and Is therefore massive, as It must be protected 
from micrometeoroids . A conventional truss struc- 
ture, as shown In Fig. 3, Is satisfactory. 

Radiative Behavior of Droplet Sheet 


A meaningful comparison of the LDR with other 
advanced concepts, including heat pipe radiators, 
depends on a knowledge of the heat rejected by 
the droplet sheet. An exact analysis of the radi- 
ation from a sheet of billions or trillions of 
droplets Is Intractable. In addition to a tran- 
sient behavior which Is a function of all three 
coordinates, every droplet Is nonlsothermal , 
possessing a temperature gradient which Is also a 
function of all three coordinates. All analyses 
to date have neglected temperature gradients 
within a droplet. Since sheet width Is much 
greater than sheet thickness, temperature gradi- 
ents along the width of the sheet are Insignifi- 
cant compared to gradients across the sheet 
thickness, or along the sheet length (direction 
of droplet travel). All analyses to date have 
also made this assumption. Also, variations In 
optical properties with decreasing droplet tem- 
perature have also been Ignored. Finally, a 
triangular droplet sheet has been difficult to 
analyze, due to a constantly changing droplet 
number density. 

The Initial work In analyzing radiative 
behavior of the droplet sheet was done by Mattick 
and co-workers. 4 » 27 The droplet sheet geometry 
was characterized by t, the optical depth. 

Mattick defined x = No S, where N Is the 
droplet number density per unit volume, a Is the 
projected cross sectional area of a droplet 
(a = irR 2 ), and S Is the sheet thickness. The 
No product Is thus an estimation of the extinc- 
tion coefficient. With x defined In this 
way, the transmission through a sheet of black 
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droplets Is simply e" T . By considering the 
relevant equations of radiative transf er , 4 » 27 » 28 a 
numerical procedure Is utilized to relate hemispher- 
ical sheet emlttance to optical depth and droplet 
emlsslvlty, e 0 . Isotropic scattering was assumed 
In the Initial analysis, 7 and forward and back- 
ward scattering were Included In later work. 27 * 28 
The effects of forward and backward scattering on 
sheet emlttance can be seen In Fig. 11. 27 Fig- 
ure 11 Indicates that, for sufficiently large sheet 
optical depths, the sheet emlttance can be signifi- 
cantly larger than the droplet emlsslvlty. Radia- 
tive power can vary 12 percent, depending on whether 
forward or backward scattering Is assumed. 

A knowledge of temperature distributions within 
the sheet Is required for proper Insight Into the 
radiative performance of the sheet. Mattlck and 
Hertzberg 2 ^ considered temperature variations 
across the sheet thickness, neglecting gradients 
along the width or length of the sheet. The analy- 
sis further assumed an LDR where the average drop- 
let temperature at the collector Is 80 percent of 
that at the generator. Temperature profiles of 
such a droplet sheet are presented. The change In 
sheet emlttance with path length Is also presented. 
Although the average droplet temperature decreases 
20 percent over the sheet length, the sheet emlt- 
tance decreases by 4 percent or less for the range 
of optical depths and droplet emlttances studied. 2g 
A more precise and extensive analysis of these 
effects has been conducted at NASA Lewis, 38-33 
and Is discussed later. 

Experimental verification of these results has 
been carried out by a number of researchers at UW. 
The experimental apparatus Is described In detail 
elsewhere. 27,34-56 j 0 examine higher optical 
depths, radiation from a cylindrical cloud of 
droplets was Investigated. The Initial experi- 
ments utilized an array of 175 ym orifices, with 
the 465 orifices arranged In a series of concen- 
tric circles. By varying droplet diameter and 
Intra-stream droplet spacing, diametrical optical 
depths between 0.9 and 1.8 were examined. Subse- 
quent experiments were with a 2300-hole array of 
175 ym orifices, and optical depths between 2.0 
and 2.8 were examined. Optical depth was calcu- 
lated by measuring the attenuation of a laser 
beam by the cylindrical cloud of droplets. 34 
Radiative transfer from the droplet sheet was 
measured with a thermopile detector. 34 * 35 
Figure 12 shows the experimental results 27 for 
optical depths between 0.9 and 1.8. Similar 
results are reported for t between 2.0 and 
2. 8. 36 It can be observed In Fig. 12 that 
agreement between experiment and theory 28 Is 
quite good. Droplets of DC-704 between 300 and 
500 ym diameter were used experimentally. Since 
the emlttance of a 600 ym droplet of DC-705 was 
known from a previous experiment, 15 this value 
of 0.61+0.05 was assumed for 300 to 500 ym drop- 
lets of DC-704. The two fluids are very similar 
chemically, and their optical properties are sim- 
ilar as well. Since droplet emlttance Is actually 
a significant function of droplet radius (as dis- 
cussed later), and since different fluids were 
used, the data spread of Fig. 12 Is to be 
expected . 

Further Insight Into the radiative character- 
istics of an LDR droplet sheet can be gained 
through a Monte Carlo analysis. Of considerable 
Importance to the design of an optimum LDR Is 


the proper choice of droplet spacing; droplet 
sheetthickness, width, and length; and droplet 
velocity. Brown and Kosson 12 * 37 determined the 
contribution of various layers of a droplet sheet 
to the sheet emlttance. For a droplet sheet 10 
layers thick, the outer two layers contribute 
almost 40 percent of the total emissive power of 
the sheet, while the two Innermost layers contrib- 
ute only 10 percent. The droplets In this case 
each have an emlttance of 0.2, typical of liquid 
metal droplets In the size range of Interest, and 
Intra-stream spacing Is as close as physically 
possible. Changing the spacing between droplet 
layers (In the direction normal to the plane of 
the sheet) does not affect the sheet emlttance, 
somewhat surprisingly. 

A very Important result of the analysis Is 
shown In Fig. 13, which Is somewhat analogous to 
Fig. 11. Sheet emlttance as a function of drop- 
let emlttance and <p Is shown. Here, D Is 
the droplet diameter, S Is the space (clearance) 
between two droplets, and N Is the number of 
droplet layers. The minimum value for S/D Is 
unity. This minimum Is observed experimentally 
for Rayleigh jet breakup, and corresponds to a 
droplet pitch to diameter ratio of two. Fig. T3 
Indicates that a point of diminishing returns Is 
reached for values of <p larger than three to 
five (dependent on droplet emlttance). To mini- 
mize Intra-stream velocity dispersion, values of 
two or three for S/D may need to be considered. 
Thus, a full-scale LDR may have between 12 and 80 
layers, although a droplet sheet 30 layers thick 
appears to be a practical upper limit for the 
values of droplet emlttance of most Interest. 

The Incremental mass penalty associated with add- 
ing an additional droplet layer to the generator 
of Fig. 6 Is small. Therefore, a droplet sheet 
12 to 30 rows thick appears to be a reasonable 
com- promise between low generator mass and 
maximum sheet optical depth. 

Monte Carlo methods have also been utilized 
In MCDROP, the McDonnell Douglas LDR system com- 
puter code. Isotropic scattering Is again 
assumed. MCDROP can accept as Inputs four param- 
eters that describe radiator environment: orbit 

height, the angle of Inclination of the orbital 
plane to the ecliptic plane, spacecraft location 
(with respect to the sun) In the orbital plane, 
and the orientation of the droplet sheet with 
respect to the ecliptic plane. With these four 
parameters known, the earth and solar albedos are 
fixed, and the radiative environment of the LDR 
Is therefore prescribed. Temperature gradients 
across the sheet thickness are considered. The 
effects of Incident solar and earth radiation on 
such temperature gradients are presented 26 * 38 
to show the importance of proper LDR sheet orien- 
tation with respect to the sun. Even with the 
LDR sheet edge on to the sun, a nonsymmetrlc tem- 
perature distribution will exist. This Is due to 
both solar radiation reflected from the earth, 
and emission from the earth. 

Recent work at NASA Lewis has extended the 
earlier work at UW, Grumman, and MDAC . Tempera- 
ture distributions across the sheet thickness, 
and along the droplet flight path, have been 
Investigated. 30-33 Isotropic scattering Is 
assumed, and temperature gradients within a drop- 
let are Ignored, as are gradients along the sheet 
width. The relevant equations were solved 
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numerically, and the results of Mattlck 7 * 29 are 
presented and extended. The effects of a two- 
dimensional temperature distribution on sheet 
emlttance and radiated heat load are presented. 

All previous analyses have assumed either an 
Isothermal sheet or a one-dimensional temperature 
distribution with thickness. Sheet emlttance Is 
observed to decrease slowly with time (or dis- 
tance), until a new, lower value of emlttance Is 
approached asymptotically. Regardless of the 
optical thickness or scattering albedo, this 
steady state sheet emlttance Is attained at a 
characteristic dimensionless time. 30 This time 
corresponds to the sheet losing approximately 
30 percent of Its Initial thermal energy by radi- 
ative cooling. This characteristic steady state 
value of sheet emlttance Is derived In a steady- 
state analysis, 31 and results are In complete 
agreement with those of the transient solution. 30 
The steady state value depends only on droplet 
emlttance, optical thickness, and scattering 
albedo. Finally, the temperature gradients with 
sheet thickness and length are given as functions 
of optical thickness and scattering albedo. 

The variation of droplet temperature with 
depth Into the sheet results from exterior drop- 
lets cooling more rapidly than Interior droplets. 
For liquids whose viscosity varies rapidly with 
temperature, this temperature distribution would 
result In droplet streams of widely different 
viscosity Impacting a collector. If the droplet 
generator produced droplet layers at varying 
velocities, a more uniform droplet sheet could be 
produced. Droplet temperature would vary only 
with distance from the generator. The Initial 
velocity profile required to achieve this Is pre- 
sented In Ref. 32. 

Droplet sheet mass for a given heat load Is 
often reduced If solidifying droplets are util- 
ized. The solidifying LDR exploits the latent 
heat of freezing of the working fluid. The con- 
cept has been analyzed by several Investiga- 
tors . 4,33,37,39 The droplet collector may become 
more complex, since solid droplets Impact the 
collector. If an auxiliary film Is Injected at 
the collector, the Incoming droplets can be 
rapidly melted. For a multiple pass LDR, such as 
In Fig. 10, the close proximity of the collector 
and heat exchanger allows a heated auxiliary film 
from the heat exchanger to be Injected at the 
collector. Total LDR mass for a solidifying, 
parallel configuration has not been evaluated to 
date. 

Although a triangular LOR Is presently 
regarded as more promising than a rectangular 
LDR, the radiative behavior of a converging drop- 
let sheet Is less well understood. The extinc- 
tion coefficient Increases In a complex manner 
with droplet flight time, mainly due to focusing 
of the sheet. Both Interand Intra-stream droplet 
collisions Increase with distance from the gener- 
ator, decreasing the total number of droplets, 
but Increasing their diameter. As discussed 
later, the colliding droplets coalesce for the 
Impact velocities expected In a focused sheet. 
Approximations have Indicated that radiation from 
a triangular sheet may be only 10 to 15 percent 
less than from a rectangular sheet of equal width 
and length. 6 This Is due to the approximately 
T 4 behavior, resulting In substantially more 


than 50 percent of the radiation being dissipated 
In the first half of a rectangular sheet. It has 
been suggested 40 that the effective temperature 
of a triangular sheet be estimated as the geomet- 
ric mean of generator and collector temperatures. 

A better understanding of radiation from a tri- 
angular droplet sheet Is required, and various 
Investigators are working to that end. 

All of the analytical solutions described 
above rely on knowledge of the droplet emlttance. 
For opaque liquids such as liquid metals, radia- 
tion from a liquid droplet Is primarily a surface 
phenomenon. For nonopaque oils, radiation from a 
droplet Is volumetric In nature. The relation 
between droplet emlttance (droplet surface emls- 
slvlty) and the Intrinsic properties of a liquid 
Is derived from fundamental principles. The drop- 
let emlttance Is a function of three quantities: 41 

(1) Absorptivity, a, which Is an Intrinsic 
fluid property Independent of geometry, and 
has units of cm -1 

(2) Droplet radius, R 

(3) The reflectivity of the liquid surface, 

Ps 

Surface reflectivity Is defined for the Interface 
between a liquid (medium 2), and the adjacent 
medium 1, which Is usually air. Surface reflec- 
tivity Is wavelength dependent, and Is given by 
p s = 1 - (n 2 /n-() 2 , where n Is the Index of 
refraction for the medium and wavelength of Inter- 
est. Therefore, with a knowledge of n (v) and 
a (v) for a working fluid of Interest, radiative 
performance of a sheet of semi-transparent drop- 
lets can be predicted from the analytical results 
discussed In this section. 

Experimental verification of the analytical 
predictions In this section Is being carried out 
at NASA Lewis. A droplet sheet with a high width 
to thickness ratio characteristic of an opera- 
tional LDR Is being examined. Up to 2000 droplet 
streams of DC-705 are heated up to 400 K, and are 
projected through a 3.1 m test section, radiating 
In a 10" 4 torr vacuum to a simulated space 
environment at -80 K. The droplet sheet Is 20 cm 
wide, 2 cm thick, and 3.1 m long. Details of the 
experimental apparatus are given elsewhere. 17 

Droplet Sheet Physics 

In addition to radiative performance, an LDR 
droplet sheet must meet other requirements. Many 
Issues related to desired performance depend 
solely on Identification of the proper working 
fluid, and are discussed In the next section. 
Minimizing spacecraft contamination from the LDR 
Implies proper generator and collector perform- 
ance. The droplet sheet also must not be a source 
of possible contamination. 

Droplet collisions, especially for a focused 
sheet of a triangular LDR, must be understood. 
Collisions within a stream are minimized or elim- 
inated when droplet dispersions are sufficiently 
low. At present. Intra-stream collisions are not 
the major concern, since droplet streams can tra- 
vel up to 100 m without significant colli- 
sions. 16 * 21 Further Investigation of this 
phenomenon for an LDR droplet generator Is In 
progress. 23 The major source of collisions Is 
from Intersecting droplet streams. For orifices 
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spaced 2 mm apart, droplet streams from adjacent 
orifices can collide within 1 m. This assumes a 
trajectory accuracy of 1 mrad, which Is the best 
accuracy demonstrated to date In the Ink Jet 
Printer Industry. A trajectory accuracy of 
10 \ir ad, not yet demonstrated, would be needed to 
eliminate all collisions In a rectangular droplet 
sheet 100 m long. Collisions In a triangular 
droplet sheet cannot be avoided. Proper sheet 
design thus must consider the decrease In droplet 
flux with path length, and the corresponding 
Increase In droplet diameter. Thus, with the 
number of droplet collisions known, the droplet 
sheet can be sized to radiate sufficient heat to 
space . 

Two preliminary analyses 5 * 12 of droplet 
collisions conclude that a high degree of focus- 
ing Is undesirable. For a triangular LDR, a small 
sheet width to length ratio Is preferred. This 
will assure small angles of Incidence and low 
Impact velocities between colliding droplet 
streams. More detailed analysis Is currently 
being conducted at both USC and MDAC. Results to 
date Indicate that for the relative Impact veloc- 
ities expected In an LDR, droplet coalescence Is 
predicted. Maximum Impact velocities are 2 to 
5 m/s for worst case conditions. Experimental 
verification of these results Is In progress at 
USC. 

Droplet collisions have been observed rather 
extensively at NASA Lewis. During In-house 
Inspection of orifice plate trajectory, plates of 
poor quality were occasionally produced. Arrays 
of 10 droplet streams Issuing from the plates 
were examined In a 10 ym Hg vacuum. At low jet 
velocities, film effects caused significant mis- 
direction of the droplet streams being examined. 

In many Instances, droplet streams would collide, 
resulting In a new array of eight or nine jets, 
with one stream of droplets being 26 percent 
larger In diameter than before. This observation 
was made hundreds of times, and was often cap- 
tured on 35 mm film. Angles of Incidence were in 
the range of 1 to 30 mrad, which Implied relative 
Impact velocities up to 1.5 m/s. In all 
Instances, droplet collisions resulted In coales- 
cence. No scattering of secondary droplets was 
observed, even under lighting conditions where 
10 ym satellite droplets (limit of resolution) 
were detectable. These results Indicate that, at 
least for low surface tension fluids such as 
DC-704, droplet collisions will always result In 
coalescence for low Impact velocities. Higher 
Impact velocities would be expected only In a 
highly focused droplet sheet. 

Charging of droplets In the space plasma 
represents a possible loss mechanism. The effects 
of charging were considered In detail for alti- 
tudes above 150 km. 5 The worst deflection noted 
was In the plasma sheet, and fractional deflec- 
tions less than 1 yrad were calculated for all 
altitudes. Since orifice aiming accuracies are 
of the order of 1 mrad, this Is Insignificant. 
Currently, several Investigators at JPL are 
experimentally simulating the effects of plasma 
charging on droplet trajectory. This will serve 
as verification of the analytical calculations. 5 
A second mechanism of droplet charging occurs at 
droplet formation. Potentials up to 10 000 V 
have been observed on spacecraft surfaces. If 
the droplets become charged during formation, 


subsequent deflection and repulsion could occur. 

To date, the magnitude of this effect has not 
been assessed. If this Is Identified as a criti- 
cal Issue, several proposed solutions could be 
Investigated . 

Atmospheric drag on an LDR droplet sheet Is 
potentially a mechanism by which the working fluid 
could contaminate the spacecraft. A “worst case" 
geometry, where relative wind Is normal to the 
direction of droplet travel, was assumed 5 In 
assessing the effects of atmospheric drag. An 
acceptable safety margin requires that the LDR be 
limited to missions above 250 to 300 km. If the 
LDR Is constrained to an orientation where the 
relative wind Is parallel to the droplet travel, 
no restriction on orbit altitude would apply. 
However, this deployment restriction could be 
unacceptable to some mission planners. Use of a 
drag shield to overcome the effects of atmospheric 
drag In LEO was briefly Investigated, 5 but was 
judged to be relatively Ineffective at the lower 
altitude orbits of Interest. 

One of the major advantages of the LDR over 
existing technology Is Its relative Immunity to 
micrometeoroid damage. The modularized droplet 
generator of Mg. 6 is inherently Immune to single 
point failure. Similarly, a linear collector for 
a rectangular LDR could be designed on an analog- 
ous basis. Thus, only a fluid return pipe for a 
single pass LDR requires fall-safe micrometeoroid 
protection; dual LDR 1 s such as shown In Fig. 10 
do not possess lengthy, massive fluid return 
lines. A cumulative flux distribution was 
assumed, and It was determined that a negligible 
fraction of the droplet sheet mass was lost per 
year due to droplet deflection by Impacting micro- 
meteoroids. 8 Similarly, a negligible fraction 
of the droplet mass Is lost per year by droplet 
vaporization resulting from micrometeoroid 
Impacts. The advantages of dividing a large radi- 
ator Into trillions of microradiators Is clearly 
demonstrated . 

Working Fluid Selection 

Stringent requirements are demanded of an LDR 
working fluid. A suitable liquid must have a low 
vapor pressure and must be chemically stable In 
the space environment of interest. A suitable 
liquid Ideally has a low viscosity, high emlsslv- 
Ity, low absorptivity to Incident solar radiation, 
high surface tension, low density, high heat capa- 
city and high thermal conductivity. 17 The work- 
ing fluid must also be compatible with available 
generator and collector materials. 

A number of liquid metals and Dow Corning 705 
diffusion pump oil have been Identified as candi- 
date liquids. 4 It was observed that no suitable 
fluids existed for the 320 to 450 K range, which 
Is of Interest for some Brayton cycles. Two new 
alternatives were thus synthesized by Dow Corning, 
and relevant optical and physical properties of 
these experimental organosi loxanes were meas- 
ured. 42 Vapor pressure characteristics for 
these and other candidate fluids are shown In 
Fig. 14. A literature search for low vapor pres- 
sure organic fluids did not reveal any new alter- 
natives. 15 Inorganic salts have very low vapor 
pressures near their melting point. Because of 
concerns about materials compatibility, these are 
not considered promising. 
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Various eutectic comnosltlons of liquid metals 
have been Investigated. 2 ^ These eutectics gen- 
erally have unknown emlssl vltles, but these have 
been estimated. When available, a pure metal Is 
preferred over a eutectic composition, since a 
eutectic working fluid creates additional control 
problems. If the working fluid does not have 
precisely the same composition as the eutectic, 
differential evaporation (distillation) of the 
mixture can lead to a change In physical proper- 
ties with time or temperature cycling. Surface 
oxidation In the atomic oxygen environment may 
also lead to differential evaporation of the 
eutectic liquid droplet. Such problems can be 
surmounted, but they Introduce added complexity. 

It has been suggested that working fluids be 
altered to Improve their optical properties. For 
200 ym droplets of DC-704, droplet emlttance Is 
0.17, 41 typical of liquid metals. Radiation 
from oil droplets Is volumetric In nature. Drop- 
let emlttance can be Increased significantly by 
Increasing droplet radius. It could also be 
Increased by addition of a suitable dye, If a 
chemically compatible dye could be Identified for 
the oil of Interest. For low emlsslvlty liquid 
metals, adding a high emlsslvlty powder (such as 
carbon black) to the liquid metal has been pro- 
posed . 7 This would be effective if the fine 
powder were dispersed on the metal surface, which 
appears likely. Investigators at USC are pres- 
ently studying droplet formation In slurry 
streams. Other researchers have successfully 
formed droplet streams of a coal In water slurry. 

An active effort Is In progress to determine 
working fluid compatibility In orbital environ- 
ments of Interest. Since demonstration of a 
prototype LDR in orbit will be with a low temper- 
ature fluid, candidate oils have been considered 
first. Seven candidate oils were exposed to an 
atomic oxygen environment created by a plasma 
asher . 43 They Included three slloxane fluids, 
namely DC-705, polymethylphenylslloxane (PMPS), 
and polydimethylslloxane (PDMS); and four per- 
fluorlnated polyethers, namely, Fomblin Z25, 

Krytox 143AB, Krytox 1502, and Krytox 16256. The 
perf luoroethers were found to be least affected 
by the atomic 0 conditions. However, even they 
showed a very slight degradation In the 0 environ- 
ment, with the C-0 ether bond being the most 
likely point of attack. Work Is In progress to 
expose the candidate perf 1 uoroethers to an atomic 
oxygen environment of 4.5 eV atoms. This Is being 
carried out at both JPL and NASA Lewis to more 
fully understand the kinetics of the degradation 
reactions at the appropriate atomic 0 fluxes. 

The preliminary results discussed above Indi- 
cate that several different fluids may be required 
for a given temperature, depending on the mission 
environment and requirements. The slloxane fluids 
tested may not be suitable In the atomic 0 envi- 
ronment of LEO, but this needs further Investiga- 
tion. Owing to their superior vapor pressure and 
viscosity characteristics, slloxane fluids such 
as PDMS or PMPS may be suited for missions at 
higher altitudes, where atomic 0 fluxes are lower 
and vapor pressure requirements are more severe. 

It Is generally agreed that fluorlnated oils are 
more stable to atomic oxygen degradation than 
slloxane fluids. Since no Krytox or Fomblin 
fluids with suitable vapor pressure and viscosity 
characteristics are commercially available, NASA 


Lewis Is working Informally with DuPont to syn- 
thesize new fluids chemically similar to Krytox. 

Less Is known about the stability of liquid 
metals such as LI, Ga, or Sn In the atomic oxygen 
environment. Metals readily form oxides with 0 , 
which In cases like A1 2 O 3 protect the metal from 
further attack. For a droplet flight time of per- 
haps 4 sec, kinetic studies of the oxide forma- 
tion reactions at the appropriate atomic 0 fluxes 
are necessary. An oxide layer may not form dur- 
ing a short duration exposure. Formation of a 
metal oxide skin on the surface of a liquid metal 
droplet may actually be advantageous, since the 
droplet emlsslvlty would be Improved. A minor 
variation on a liquid metal LDR that would exploit 
the advantages of oxide formation has been sug- 
gested by JPL Investigators. Kinetic studies of 
the reversible oxide formation reaction are 
required to assess the feasibility of a 
metal/metal oxide working fluid. 

A suitable working fluid must also be resis- 
tant to degradation from radiation and from other 
constituents of the space plasma. Slloxane fluids 
are polymerized after exposure to uV, resulting 
In significant changes In viscosity. Radiation 
effects, particularly from uV and vacuum uV radi- 
ation, are currently being Investigated at JPL 
for candidate low temperature LDR fluids. Syner- 
gistic effects from combined exposure to atomic 0 
and uV have been Identified for certain materials. 

Optical properties of candidate working fluids 
must be accurately known, since errors In property 
estimation have a tremendous Impact on system 
design. Emlsslvlty measurements for candidate 
liquid metals are complicated by oxide formation 
on a newly created surface. For semi-transparent 
oils, all required optical properties can be 
determined from a knowledge of absorptivity, 
a (u), and refractive Index, n (v). 4 ' Absorp- 
tivity Is usually approximated from transmission 
measurements at two or more film thicknesses. 
Significant experimental errors are often associ- 
ated with this method, for a number of esoteric 
reasons. Much more accurate measurements can be 
made with a total reflectance approach . 44 An 
experimental spectrum Is obtained, and n (v) 
and a (i>) are obtained through an Iterative pro- 
cedure, using a Kramers-Kronlg transformation. 

Work Is In progress at NASA Lewis to apply this 
method to candidate LDR fluids. 

Control of Spacecraft Contamination 

A significant critical Issue In developing an 
LDR Is to minimize or eliminate spacecraft con- 
tamination from the LDR. At least five sources 
of contamination have been Identified. Working 
fluid lost by any one of these five mechanisms 
can be transported to the spacecraft In at least 
six ways. Any evaporated fluid can recondense on 
the spacecraft. Backscatterlng of the evaporated 
working fluid by the space plasma can occur. 

Liquid can also creep along the LDR structure to 
reach the spacecraft proper. Charged liquid 
droplets can also be attracted to a spacecraft 
which has developed a charge opposite to that of 
the droplet. Droplets which Impact a spacecraft 
surface can release secondary contaminants. 
Finally, splashed droplets can travel directly 
from the LDR to the spacecraft. 
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Perhaps the most recognized source of contam- 
ination Is from splashed droplets. Droplet 
collisions, especially In a focused sheet, can 
generate secondary satellite droplets If the rel- 
ative Impact velocity Is high. As discussed 
earlier In this paper, droplet collisions appear 
to be Inconsequential, since coalescence occurs. 
Splashed droplets can also be released at the 
collector. To keep collector mass loss Insigni- 
ficant, a design goal of one In 10 8 has been 
assumed. A more efficient collector would pri- 
marily minimize contamination concerns. The 
design goal has been demonstrated for a linear 
collector,^ 2 and Is In the process of being 
demonstrated for a rotating collector. 

Misdirected droplet streams are also a per- 
ceived concern. The droplet generator of Fig. 6 
eliminates this fear, since an Individual module 
can be turned off If a misdirected stream Is 
noted. Orifice arrays will need to be flight 
qualified after fabrication. The only cause of 
misdirected droplet streams would be from a micro- 
meteoroid Impacting and damaging an orifice array. 
Here again, generator modularization minimizes 
this concern. 

A liquid film can also migrate from the gen- 
erator or collector along the LDR structure to 
the spacecraft. The shear seal design proposed 
by Grumman, and discussed earlier, would eliminate 
fluid films at the generator, If the feasibility 
of the concept can be demonstrated. Nonwetting 
coatings applied to the appropriate surfaces of 
the droplet generator and collector are a poten- 
tial solution. This Is being examined In the 
current development of the centrifugal collec- 
tor. The liquid films developed at the droplet 
generator have been observed experimentally only 
at module startup or shutdown. Liquid films at 
the collector are apparently possible during 
steady state operation. However, the rotating 
shroud collector Is designed to minimize or elim- 
inate such films. 

A potentially significant source of contamina- 
tion Is from evaporation of the working fluid. 

Some Investigators have assumed a vapor pressure 
requirement of 10~ 7 torr. 4 This criterion was 
arrived at by calculating the vapor pressure that 
would result In an evaporative mass loss In 30 yr 
equal to the sheet mass. Molecules evaporating 
from one droplet can recondense upon contact with 
other droplets. The extent to which this can 
occur Is not sufficiently understood. The 
desired vapor pressure to assure an Insignificant 
evaporative loss Is In the 10“ 8 to 10 -7 torr 
range. Arriving at a vapor pressure criterion to 
keep contamination from evaporating droplets at 
an acceptable level Is more difficult. Critical 
optical surfaces may be adversely affected by the 
presence of a monolayer of contaminant. For other 
missions, contamination requirements will not be 
as stringent. Thus, vapor pressure requirements 
may be more or less restrictive than 10 -8 torr, 
and can only be determined for a well defined 
mission and spacecraft-radiator orientation. 

In addition to minimizing contamination 
through proper design of components and proper 
choice of working fluid, other solutions have 
been proposed. The use of baffles between the 
LDR and the spacecraft proper appears feasi- 
ble, 8 since free molecular flow exists. A cold 


plate can be located on the spacecraft to Induce 
controlled condensation. Proper control of space- 
craft potential will eliminate contamination from 
electrostatically attracted droplets. When a 
tethered power system Is present, as In some 
nuclear powered missions, the LDR can be located 
far from the spacecraft, near the power system. 

For nontethered missions, contamination can be 
minimized merely by locating the LDR as far away 
from sensitive surfaces as possible. When drop- 
let evaporation Is most significant, the droplet 
generator should be placed as far as possible 
from sensitive areas. If droplet splashing Is 
the predominant source of fluid loss, the collec- 
tor should be located as far from optical sur- 
faces as possible. 

If the approaches outlined above are not con- 
sidered satisfactory, the entire LDR can be 
enclosed by a plastic film of micron thickness. 8 
Such a film would be required to transmit radia- 
tion In the 2 to 20 ym range. The film would be 
of negligible mass. 

The merits of an enclosed LDR over an exposed 
fluid LDR have not been appreciated. Spacecraft 
users and mission planners are generally uncom- 
fortable with exposed fluid radiators. Enclosing 
the droplet sheet, generator, and collector does 
not present any significant technical challenges, 
assuming a suitable material Is Identified. The 
advantages are enormous. It Is recognized that 
micrometeoroids will puncture the film many times 
over the radiator lifetime. The effects of such 
exposure have been calculated 45 In detail for a 
10 yr radiator lifetime. Despite repeated punc- 
tures by micrometeoroids, the film would fulfill 
Its Intended function. Vapor pressure require- 
ments can be relaxed to 10“ 6 torr, 45 since contam- 
ination Is no longer a concern. Atmospheric drag 
on the droplet sheet would be reduced, thus remov- 
ing constraints on LDR orientation for 250 km 
orbits. Atomic oxygen fluxes Inside the film 
would be lower than ambient values. Some film 
materials would reduce the Intensity of uV 
radiation on the droplets. Thus, working fluid 
compatibility requirements could prove easier to 
achieve . 

In conclusion, contamination concerns for an 
LDR have generally been addressed by attempting 
to eliminate the sources of contamination. Drop- 
let splashing at collector Impact has not been 
quantified, although the collector Is being 
designed to capture a large fraction of rebounded 
droplets. Low temperature working fluids with 
vapor pressures of 10 -18 torr have been devel- 
oped, and thus evaporation rates are quite low. 
Liquid metals of Interest, notably gallium, can 
have even lower vapor pressures. An enclosed LDR 
may only be necessary to alleviate user concerns, 
as contamination may not be significant. For 
many missions, enclosing the LDR In a transparent 
film Is probably not necessary. Precise conclu- 
sions cannot be made, since contamination require- 
ments for future missions have not been defined. 

Mlcrogravlty Testing 

Development of an LDR requires a demonstration 
of generator, collector, and droplet sheet per- 
formance In mlcrogravlty. Proper design of the 
droplet generator requires an assessment of tran- 
sient operation In mlcrogravlty. Of particular 
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interest are the effects of a fluid film on jet 
formation, and subsequent break up of the jet 
into uniform droplets. To this end, testing is 
currently being conducted at the NASA Lewis Zero 
Gravity Facility, which allows 5.2 sec of 10- 5 g 
testing. The experimental apparatus is described 
elsewhere, 17 and allows activity at the droplet 
generator to be filmed at 400 frames/sec. Only 
preliminary conclusions can be drawn from the 
testing to date. The desired jet formation has 
been demonstrated for two important conditions. 

In one series of tests, the exit side of the gen- 
erator was not wet by the liquid before jet 
startup. This condition is the preferred mode of 
generator operation. In another series of tests, 
the jet broke through a 6 mm thick pool of liquid 
after flowing through the orifice. In both cases, 
the jets immediately achieved the desired trajec- 
tory, with no misdirection at the instant of 
startup. Orifice diameters investigated to date 
are 85, 135, and 200 ym. Testing with a thin 
film (maybe 500 ym to 1 mm thick) present before 
startup is in progress. Of particular importance 
will be future tests with 10-orifice arrays. 

These tests will closely simulate the startup of 
a droplet generator in orbit. 

Development of a centrifugal collector, cur- 
rently being carried out by MDAC , Spectra Tech- 
nology, and Spectron Development Labs, will 
require zero gravity demonstration. This is cur- 
rently planned for March 1988. Future testing of 
a sub-scale LDR prototype is being planned as 
part of the Technology Development and Mission 
Experiments (TDMX) program. To this end, NASA 
Lewis and NASA Johnson personnel are working to 
define requirements. 

Mission and System Ana lysis 

A meaningful comparison of the LDR with alter- 
native radiator concepts requires an accurate 
estimation of LDR system mass. Early system 
studies 4 * 22,39 are misleading, since system 
mass estimates are grossly in error. The first 
good estimate of system mass 5 was based on 
reliable mass estimates for the generator, col- 
lector, working fluid, structure, return pipes, 
and pumps. Subsequent system mass calcula- 
tions 5 * 17 have improved on the initial assump- 
tions. More refined system studies are contingent 
on the specific designs for the droplet generator 
and collector. A large portion of the droplet 
generator mass is that of the working fluid. 5 * 22 
A focus in current generator design 23 is to 
reduce its mass, and to accurately estimate the 
mass of the improved design. A preliminary esti- 
mate of structural mass 5 * 45 considers the fre- 
quencies and vibrational modes which must be 
avoided in designing the truss structure. Simi- 
lar considerations have been made in estimating 
generator and collector mass. 5 Details of the 
system mass estimates will not be discussed here. 

Proper design of a total LDR system requires 
a parametric investigation of key issues. Drop- 
let sheet geometry for a given heat rejection 
load must be determined before generator and col- 
lector designs can be finalized. If droplets 
spacing is greater than 10 diameters, the droplet 
sheet behaves essentially as isolated droplets, 
with very little occlusion of radiation. 41 
Such an optically thin sheet is highly efficient, 
but is associated with a massive generator and 


collector. An optically dense sheet (high x) 
is less efficient, but component masses and sheet 
area are lower. For a given working fluid with 
droplet emittance, e 0 , choosing x = 0.5e o was 
determined to be an optimum choice between a low 
mass LDR and a minimum area design. 4 ^ Further 
insight into the optimum sheet geometry considers 
the incremental increase in sheet emittance with 
additional droplet layers, 12 * 37 as shown in 
Fig. 13. 

Proper choice of droplet velocity, diameter, 
and working fluid was examined in an LDR systems 
study at MDAC. 5 Because of several questionable 
estimates of system mass, some of the conclusions 
are quantitatively in error. Nevertheless, the 
findings are significant, since qualitative con- 
clusions can be drawn. The effects of velocity 
were studied for 1 and 10 MW LDR 1 s . Lower veloc- 
ities were preferred at 1 MW, and higher veloci- 
ties at 10 MW. This was found to depend on the 
relative contributions of the collector and the 
supporting structure to the total system mass for 
the 1 and 10 MW designs. Thus, no simple criter- 
ion on droplet velocity can be stated, since the 
choice will depend on mission requirements. The 
effects of droplet diameter are similar. For 
nonopaque oils, diameter has a significant effect 
on droplet emittance, whereas for metals, it does 
not. The effects of droplet diameter on LDR sys- 
tem mass have been studied for an LDR rejecting 
lithium droplets at 510 K. 45 For this LDR point 
design, smaller droplets significantly decreased 
LDR system mass. System mass was found to be 
quite sensitive to fluid density, fluid specific 
heat, and emissivity. System mass is a weak func- 
tion of radiator orientation (with respect to the 
sun, earth, and spacecraft). 5 

The optimum ratio of sheet width to length is 
highly dependent on power levels and mission 
requirements, especially for a triangular LDR. 

As discussed earlier, choice of this ratio depends 
on the behavior of colliding droplets. If coales- 
cence of droplets colliding at high Impact veloc- 
ities (~5 m/s) does not occur, the width/length 
ratio must be chosen to eliminate droplet splash- 
ing in a highly focused droplet sheet. Droplet 
velocity also has a significant Impact on the 
aspect ratio. A proper choice of aspect ratio 
depends on many factors, and has apparently not 
been investigated in detail. 

With LDR system mass known, potential missions 
enhanced or enabled by an LDR can be evaluated. 

A knowledge of power system mass and operation is 
required. For dynamic power systems, it is some- 
times necessary to re-optimize the cycle for an 
LDR. 17 Radiator mass is a dominant percentage 
of power system mass 47 at multi-megawatt levels. 

A lower heat rejection temperature improves cycle 
efficiency but also Increases radiator mass. Sig- 
nificantly lower LDR specific mass, as compared to 
existing technology, requires a re-optimization of 
the power cycle. A lower heat rejection tempera- 
ture may minimize the need for recuperated dynamic 
cycles, thus lowering their mass. A proper com- 
parison of radiator concepts must consider these 
facts . 

Many types of missions which would poten- 
tially benefit from an LDR have been investi- 
gated. 5 * 5 * 17 NASA and D0D missions requiring 
burst power, the storage of cryogenic fuels, and 
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high maneuverability are examples. The relative 
ease with which an LOR can be deployed, as Illus- 
trated In Fig. 2, allows high maneuverability 
missions to be considered. An LDR would not be 
applicable for missions requiring continuous heat 
rejection during maneuvering. Missions where 
rapid attitude adjustments are required benefit 
from an LDR, If a short-term thermal storage sys- 
tem Is Included. Multi -megawatt missions require 
large radiator areas. For conventional technol- 
ogy, a 1000 m 2 radiator limits maneuverability. 
This Is no longer a concern for an LDR which can 
be quickly reduced In area. For certain DOD mis- 
sions, a large area conventional radiator would 
be an Inviting target for hostile threats; the 
LDR droplet sheet, which represents the majority 
of LDR area, may be less susceptible to such 
threats. 5 * 6 Manned space platforms, laser and 
particle beam vehicles, growth versions of Space 
Station, certain SP-100 missions, and space based 
radar are all potentially enhanced by an LDR. An 
OTV using a nuclear Brayton cycle with an LDR to 
generate 10 MW of electrical power has been 
studied, 48 and the advantages of an LDR were 
clearly demonstrated. 

Since the radiator Is such a dominant percen- 
tage of power system mass for large power sys- 
tems, 47 extensive Investigation of LDR usage In 
megawatt and kilowatt missions has been conducted. 
Figure 15 46 shows the power levels at which cer- 
tain LDR working fluids are most advantageous. 
Radiator specific power for aluminum, tin, and 
lithium LDR 1 s Is maximized around 5 MW. For lower 
temperature heat rejection, an LDR using NaK as a 
working fluid Is preferred at the 200 kW power 
level. Direct comparisons of LDR and heat pipe 
technology are shown In Figs. 16 and 17. 

Figure 16 Indicates the radiator specific power 
for candidate LDR working fluids. 46 For com- 
parison, heat pipe technology assuming a 5 kg/m 2 
specific mass and a surface emlsslvlty of 0.85 Is 
also shown. If droplet emlttance of the liquid 
metals can be Improved with a high emlsslvlty 
additive distributed on the droplet surface, LDR 
performance Is even more Impressive. The paral- 
lel LDR configuration of Fig. 10 eliminates the 
mass of fluid return lines, and minimizes struc- 
tural mass. If this arrangement Is employed, the 
LDR specific powers of Fig. 16 are even higher. 
Lithium, NaK, and Dow Corning 705 LDR 1 s can be 
seen to be 5 to 10 times lighter than heat pipe 
radiators. The effect of power cycle temperature 
ratio on the mass of a 100 kW e nuclear Stirling 
power system 17 can be seen In Fig. 17. An LDR 
1$ preferred when the droplet sheet emlttance Is 
greater than 0.3, which Is easily achieved at 
realistic sheet optical thicknesses. The 
Stirling cycle hot end temperature In this case 
Is 1050 K, Implying the use of lithium or a 
eutectic to be compatible with rejection tem- 
peratures of 450 to 600 K. 

Conclusions and Future Efforts 

Development of an LDR Is proceeding. To date, 
no unresolvable technical Issues have been Iden- 
tified. Rectangular and triangular geometries 
appear to be the most promising of all the LDR 
configurations proposed to date. Operation of 
the linear collector has been demonstrated In 
simulated microgravity testing, but a further 
demonstration of collector pumping Is required. 

If successful operation of a centrifugal collector 


can be demonstrated, the triangular (focused) LDR 
will be the preferred configuration. 

A conceptual design of a liquid droplet gen- 
erator, applicable for either a focused or 
unfocused sheet, has been presented. The design 
considers the constraints on droplet formation 
that have been observed experimentally. Orifice 
fabrication limitations that have been Identified 
are considered In determining the degree to which 
the generator should be segmented. Modularization 
of the generator allows It to be resistant to 
single point failure resulting from micrometeoroid 
encounters or other failure modes. 

Proper sizing and geometry of the droplet 
sheet have been considered In detail. The heat 
radiated from the rectangular sheet has been 
analyzed In detail. Analytical predictions for a 
cylindrical droplet cloud were found to be In 
very good agreement with experimental observa- 
tions. Radiative behavior of a focused droplet 
sheet has not been analyzed In as much detail, 
and Is less well understood. The droplet sheet 
Is found to be relatively Immune to micrometeoroid 
showers and hostile threats. However, atmospheric 
drag on a droplet sheet may limit the LDR to mis- 
sions above 250 km. Droplet charging In the space 
plasma Is shown to be Inconsequential. Similarly, 
droplet collisions, especially In a focused sheet, 
will result In coalescence rather than splashing 
If the LDR is properly designed. 

A number of candidate LDR working fluids cov- 
ering the 270 to 1000 K range have been Identi- 
fied. Long term stability of candidate fluids In 
orbital environments of Interest Is still under 
Investigation. Certain fluids appear to be 
restricted to certain types of missions, but more 
research Is required. Working fluids must be 
properly chosen to minimize possible spacecraft 
contamination from evaporating droplets. Without 
well-defined mission requirements, It Is Impossi- 
ble to quantify vapor pressure requirements nec- 
essary to address this concern. 

Other mechanisms by which an LDR could poten- 
tially contaminate a spacecraft have been Identi- 
fied. Proper LDR system design minimizes these 
concerns. The use of an enclosed LDR will fur- 
ther alleviate user concerns about possible space- 
craft contamination. 

For a wide range of missions, LDR's are found 
to be advantageous when compared to heat pipe 
radiators. Comparison of the LDR with other pro- 
posed advanced radiators Is discussed else- 
where. 9 » 25 » 45 » 49 Total LDR mass Is often 5 to 
10 times less than for 5 kg/m 2 heat pipe tech- 
nology, especially for megawatt rejection levels. 

A much lighter radiator requires that power cycles 
be reoptimized, since the radiator mass penalty 
at lower power cycle rejection temperatures Is 
less significant with an LDR. 

In LDR development to date, the relevant 
technology Issues have been Identified and anal- 
yzed. A number of Issues have been resolved, 
with unresolved Issues being actively Investiga- 
ted. It Is necessary to accurately assess the 
spray quality afforded by current NASA Lewis fab- 
rication technology. The behavior of the droplet 
generator at startup and shutdown In microgravity 
must be further Investigated. A centrifugal 
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collector must be demonstrated In both earth and 
zero gravity environments. More detailed genera- 
tor and collector designs will allow more accurate 
LDR system mass estimates to be made. Promising 
working fluids Identified to date must be further 
Investigated for long term chemical stability. 

To date, no critical technology Issues without a 
plausible solution have been Identified. 

Given current funding and manpower limita- 
tions, It appears that the issues discussed above 
will be sufficiently resolved by the end of 1988. 

A demonstration of a pre-prototype LDR would then 
be planned, assuming that no Insoluble critical 
Issues are discovered before then. NASA Lewis Is 
currently participating in the TDMX Program to 
develop plans for demonstration of a pre-prototype 
LDR, using either STS or the Space Station as the 
experimental test bed. Several nongovernment 
organizations have developed and submitted similar 
proposals . 
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RADIATIVE "FINS" AND "HEAT PIPES" OF CONVENTIONAL RADIATORS 
REPLACED BY MULTIPLE STREAMS OF UNIFORM LIQUID DROPLETS 


HOT WORKING FLUID 

TO RADIATOR p * I ^DROPLET GENERATOR 



“-WASTE HEAT- 
HEAT EXCHANGER 


RECIRCULATING PUMP 




t 


DROPLET COLLECTOR 


COOLED WORKING 
FLUID RETURN TO 
WASTE HEAT-HEAT 
EXCHANGER 


FIGURE 1. - LIQUID DROPLET RADIATOR CONCEPT. 
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FIGURE 2. - DEPLOYMENT OF RECTANGULAR LDR. 
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FIGURE 5. - EXPERIMENTAL ORIFICE GEOMETRIES. 
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FIGURE 10. - USE OF PARALLEL LDR'S TO MINIMIZE MASS OF SUPPORTING 
STRUCTURE AND PIPING. 



OPTICAL DEPTH 

FIGURE 11. - DEPENDENCE OF SHEET EMITTANCE ON 
DROPLET SURFACE EMISSIVITY (Eq), OPTICAL 
DEPTH AND METHOD OF DROPLET SCATTERING. 
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DIAMETRICAL OPTICAL DEPTH 

FIGURE 12. - EMITTANCE OF CYLINDRICAL CLOUD OF 
DROPLETS FOR SEVERAL VALUES OF DROPLET 
EMITTANCE (E Q ) . COMPARISON OF EXPERIMENTAL 
RESULTS WITH THEORETICAL PREDICTIONS. 



» ■ N /(i * f 


FIGURE 13. - DEPENDENCE OF SHEET EMITTANCE ON DROPLET 
SURFACE EM I SSI VI TY, £ Q , AND SHEET GEOMETRY PARAMETER. 
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FIGURE 1A. - VAPOR PRESSURES OF CANDIDATE RADIATOR FLUIDS. 
MAXIMUM VAPOR PRESSURE LIMITS FOR ENCLOSED AND EXPOSED 
RADIATORS DESIGNED FOR 30 YEAR LIFETIMES. 
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FIGURE 17. - MASS COMPARISONS FOR LDR 
AND HEAT PIPE RADIATOR FOR 100 kWe 
NUCLEAR STIRLING POWER SYSTEM. 
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